Abstract--The reactions of the tris(acetylacetonato)silicone(IV) cation (Si(acac)3 +) with Na +-, Mg 2+-, and CoZ+-exchange forms of hectorite and montmorillonite have been investigated to understand better the formation process of clays pillared by silicic acid. In acetone as the solvating medium, Si(acac)3 + binds to the Na +-and Mg2+-clays with the desorption of only a small fraction (~ 5%) of the initial exchange cation, suggesting that the complex binds as the ion pair [Si(acac)3+][C1-]. With the Co2+-clays, however, the exchange cation is desorbed quantitatively, and Si(acac)3 + binding is accompanied by the formation of an acetone-solvated CoClz solution complex which helps to drive the ion-exchange reaction. Thus, Co2+-smectites react with Si(acac)~ + in acetone to produce homoionic Si(acac)3 + intercalates, whereas Na +-and Mg2+-smectites produce mixed-ion intercalates. The interlayer hydrolysis of Si(acac)3 + to silicic acid in the homoionic Si(acac)3 +-and mixed-ion Na+/Si(acac)3 +-and Mg2+/Si(acac)3+-exchange forms of montmorillonite films is diffusion controlled. In water as the solvating medium, the reaction of Si(acac)3 + with Mg 2+-or Co2+-montmorillonite results in the desorption of the exchange cations on a time scale which is comparable to that observed for the solution hydrolysis of Si(acac)3 +. Thus, the precipitation of silicic acid from aqueous solution competes strongly with the formation of interlayer silicic acid. With aqueous Na+-montmorillonite dispersions, however, a significant fraction of the exchange cations desorbed rapidly upon Si(aeac)3 + binding, and the formation of interlayer silicic acid is favored over the precipitation of Si(OH)4.
INTRODUCTION
Considerable interest has recently been shown in a class of smectite intercalation compounds which contain interlayer polynuclear-hydroxy cations. These socalled "pillared" or "crosslinked" (Lahav et al., 1978) clays typically exhibit high porosity and appreciable surface areas for adsorption and possible catalysis . Because their pore sizes can be designed to be larger than those of conventional zeolites, they hold considerable promise for the catalytic reactions of large organic molecules (Shabtai et al., 1980) . The general approach to the synthesis of pillared clays has been to form the hydroxy metal cations in aqueous solution prior to their exchange into the interlayer region of the clay. Although this approach has been quite successful, it is limited to metal ions with favorable solution hydrolysis chemistry (Brindley and Sempels, 1977; Lahav et al., 1978; Brindley and Yamanaka, 1979; Yamanaka and Brindley, 1979; Yamanaka et al., 1980; Vaughan and Lussier, 1980) .
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The viability of this synthetic approach was first demonstrated by the successful intercalation of silicic acid (Endo et al., 1980 (Endo et al., , 1981 . Though silicon is not known to form hydroxy cations in solution, silicic acid can nevertheless be intercalated in smectite by the interlayer hydrolysis of the tris(acetylacetonato)silicon(IV) cation henceforth abbreviated Si(acac)3 +, shown below:
The purpose of the present work was to examine in greater detail the exchange reactions of Si(acac)3 § with Na +-, Mg 2 § and C02+-exchange forms of smectite under aqueous and non-aqueous conditions, and to investigate the hydrolysis of the intercalated complex cation.
Clays and Clay Minerals

EXPERIMENTAL METHODS
Materials
Hectorite was obtained from the Baroid Division of NL Industries, and montmorillonite was obtained from the American Colloid Company. Homoionic Na +-, Mg 2~-, and Co2+-exchange forms of the minerals were prepared from the <2-#m fractions by equilibration of 1 wt. % suspensions in saturated aqueous solutions of the appropriate metal chloride salts. The clays were freed of excess salts by dialysis and then lyophilized (van Olphen, 1977) . Analysis of ammonium acetate extracts of the homoionic montmorillonites by flame emission spectrophotometry (Na+-clay) or by atomic absorption spectrophotometry (Mg 2 § and Co2+-clays) indicated the cation-exchange capacities (CEC) to be 0.84, 0.85, and 0.75 meq/g for the Na § Mg 2 § and Co+-exchange forms, respectively. Oriented clay films suitable for X-ray powder diffraction (XRD) and infrared (IR) studies were prepared by allowing aqueous suspensions containing 70 mg clay/30 rnl water to evaporate under ambient conditions onto an area of 23 cm 2.
Si(acac)3 § was prepared as the hydrogen dichloride anion salt by reaction of SIC14 with 2,4-pentanedione according to the method of Riley et al. (1963) . The prepared salt was stored under vacuum.
Adsorption measurements
In experiments involving the adsorption ofSi(acac)3 § by clay, approximately 250 mg of each homoionic smectite was allowed to solvate in 500 ml of water at 4~ or in acetone at 25~ for at least 24 hr. A 50-ml aliquot of the supematant was removed and reserved as an analytical blank. Known amounts of Si(acac)3 + were dissolved in 500 ml of solvent and 50 ml of solution was reserved for use as a reference. The remaining 450 ml of Si(acac)3 § solution was then added to the 450 ml of clay-solvent suspension. Small aliquots were removed from the reaction mixture periodically and immediately analyzed. The amount of Na § Mg 2+, and Co 2 § released into solution upon Si(acac)3 § binding was determined by atomic absorption spectrophotometry.
Si(acac)J hydrolysis
The hydrolysis of Si(acac)3 § in aqueous solution was determined spectrophotometrically. The complex cation exhibits a maximum absorption at 290 nm, whereas free acetylacetone has a maximum at 273 nm. The ratios of the concentration of complex present at a given time to the concentration present initially were determined by fitting the peak position and absorption maximum in the 290-273-nm region using an iterative technique.
Hydrolysis rates for Si(acac)3 § in oriented clay films were obtained by observing the changes in the absor- Regression coefficient for a fit of the hydrolysis data to a pseudo first-order rate law.
bance of the 1390-cm -1 IR band of the complex. The 1630-cm -~ band of adsorbed water was also monitored. The exchange of Si(acac)3 + into the clay films was performed in acetone to minimize solution hydrolysis. The films were then immersed in H20 or exposed to H20 vapor to initiate hydrolysis at 25~ Liquid water was allowed to evaporate from the immersed films by placing the film in the IR source beam prior to obtaining the spectrum.
Physical measurements
UV-visible spectra were recorded on a Beckman DK-2A scanning, double-beam recording spectrophotometer. IR spectra were obtained on a Beckman IR7 scanning, double-beam IR spectrophotometer. A Philips X-ray diffractometer equipped with CuKa radiation was used to determine d(001) spacings. Na +, Mg 2+, and Co 2+ analysis were performed with a Perkin-Elmer 503 double-beam atomic absorption spectrophotometer equipped with a deuterium-arc background corrector.
RESULTS AND DISCUSSION
Solution hydrolysis
Si(acac)3 § hydrolyzes in water to give silicic acid and free acetylacetone as illustrated in Eq. (1).
Si(acac)3 § + 4HzO ~ Si(OH)4 + H + + 3H(acac) (1) Dhar et al. (1959) found that at constant pH the hydrolysis rate is pseudo first-order in Si(acac)3 + complex. Our results confirm the pseudo first-order reaction kinetics. Table 1 provides values for the pseudo firstorder rate constant (k) and reaction half-life (t,:2) at 37 ~ 35 ~ and 4~ The temperature dependence of the reaction can be explained by an Arrhenius activation energy of ~ 18 kcal/mole.
Adsorption of Si(acac)3 +
The hydrolysis of Si(acac)3 + was much slower in acetone than in water. In fact, the complex was sufficiently stable in acetone to permit binding to the surface of smectites without significant degradation to silicic acid. Thus, the reaction of freeze-dried samples Na § Mg 2+-, and C02+-montmorillonite (or hectorite) over a 48-hr period with 2 CEC equivalents of Si(acac)3 + in acetone at an initial concentration of 4.6 x 10 -4 M resulted in intercalated clays that exhibited d(001) spacings of 17 It under air-dried conditions.
It is remarkable that only small amounts (~ 5%) of the exchange cations in Na t-and Mg2+-montmorillonite were desorbed from the clay surface upon binding of the silicon complex. This result suggests that Si(acac)3 t binding does not occur by an ion-exchange mechanism. Because electrical neutrality must be maintained upon Si(acac)3 § binding, the complex presumably adsorbed to the clay layers by ion-pair formation, as illustrated in Eq. (2), wherein the solid lines define the intercalated species and X-is the C1-counteflon.
M nt + Si(acac)3 t + X-
In marked contrast to the Na t and Mg 2t systems, the C02+-exchanged clays quantitatively released the exchange cation to solution upon Si(acac)3 t binding, as expected for an ion-exchange mechanism. The exchange mechanism for the Co/t-clays appears to have been facilitated by the formation of blue, acetone-solvated COC12. Eventually, the blue color of the solvated interlayer Co 2t complex discharged into the solution. Thus, Si(acac)3 t most likely bound initially as an ion pair as with the Na t and Mg 2t systems, but subsequent complex formation of Co 2t, C1-, and acetone in the interlayers led to the formation of a neutral COC12L2 species (L = acetone) which desorbed to solution. The formation of the latter complex provided an additional driving force for ion exchange. In contrast, Na § and Mg 2t did not form analogous species in acetone. The proposed reaction sequence for the C02t-clays is summarized in Eq. (3):
The IR spectra of Si(acac)3 + bound to oriented film samples of Na t-and Mg2t-montmorillonite contain well-defined bands at 1320, 1350, 1390, 1540, and 1555 cm-L Similar bands were observed for homoionic Si(acac)3+-montmorillonite obtained by exchange reaction with the Co 2t form of the mineral. The spectra agree well with the spectrum reported previously by Thompson (1969) for the complex cation.
Inasmuch as ion solvation forces in water are stronger than those in acetone, aqueous Si(acac)3 + should not bind to clay interlayers by ion pairing with the retention of the initial exchange cations. Thus, the reaction of Si(acac)3 + with Na +-, Mg 2+-, and Co2+-montmorillonires was examined in water at 4~ At this temperature the solution hydrolysis rate (t,/~ = 26 hr) was sufficiently low to monitor conveniently the desorption of the exchange cations initially present in the clay surface. Figure 1 shows the results for the desorption of Na +, Mg 2+, and Co 2+ from the surface of montmorillonite when 2 CEC equivalents of Si(acac)3 + at an initial concentration of 4.6 x 10 -4 M interacted with the three different exchange forms of the mineral. Curves of similar shape were obtained when 1.0 CEC equivalent of Si(acac)3 + reacted with the clays under analogous conditions. As can be seen from Figure 1 , Mg 2+ and Co 2+ were released very slowly from the surface of montmorillonite in the presence of aqueous Si(acac)3 +. In fact, the desorption of the two divalent ions occurred on a time scale comparable to the solution hydrolysis of Si(acac)3 +. After an equilibration time of 100 hr, the solution hydrolysis of Si(acac)3 + went through approximately four reaction half-lives, yet only a fraction of the initial Mg 2 § and C02*-exchange cations were desorbed into solution. The desorption of the divalent cations, of course, may have been partially caused by exchange with H t formed in the solution hydrolysis ofSi(acac)3 + (cf. Eq. (1)), as well as by exchange with Si(acac)3 t. In either case, the solution hydrolysis ofSi(acac)3 t appears to compete favorably with the ion-exchange reaction. Consequently, more silicic acid was formed from Si(acac)3 t by precipitation from aqueous solution than was formed in the clay interlayers.
In marked contrast to Mg 2+-and CoZ+-montmorillonite, the Na+-exchange form of the mineral rapidly desorbed ~0.6 CEC equivalents of Na + upon reaction of aqueous Si(acac)3 +. No further Na § was released, suggesting a slow subsequent diffusion of the complex into the interlayers. The rapid initial release of Na + suggests that Si(acac)3 + rapidly exchanged for the monovalent ion in the dispersed clay. Thus, Na+-montmorillonite was favored over the divalent exchange forms of the mineral as a means of incorporating Si(acac)3 § into the interlayer region under aqueous conditions. Subsequently the interlayer Si(acac)3 § hydrolyzed to interlayer silicic acid as was previously reported (Endo et aL, 1980 (Endo et aL, , 1981 .
The tendency of aqueous Si(acac)3 + to replace Na + in preference to Mg 2+ and C& + on the exchange sites of smectite may be the result of kinetic factors rather than thermodynamic effects. Initially, the Na + clay was fully dispersed in water with all of the basal surfaces exposed to solution and available for ion exchange. The collapse of the interlayers upon partial exchange of the surface Na + ions (~ 0.6 CEC equivalents) caused the clay layers to flocculate and entrap unexchanged Na +. In contrast, the interlayers of the divalent exchange forms of smectite were swollen by only ~ 10-12/k and access to the exchange sites was much more restricted. Under the latter conditions solution hydrolysis was capable of competing with ion exchange.
Interlayer hydrolysis
Homoionic Si(acac)3 § as obtained by ion exchange of Si(acac)3 + in acetone with Co 2+-montmorillonite (cf. Eq. (3)), along with the mixed-ion Na § +-and Mg2+/Si(acac)3+-forms of the mineral, hydrolyzed slowly at 25~ when they were exposed to water vapor or immersed in liquid water. Hydrolysis rates were determined from the decrease in the absorbance of the 1390-cm 1 band of the complex. The decrease in the intensity of the 1390-cm -l band was accompanied by an increase in the 1630-cm -l band for adsorbed water. No physically adsorbed acetylacetone was observed during the course of the hydrolysis reaction, suggesting that the free ligand was rapidly lost to solution. This latter observation is consistent with the earlier observations of Parfitt and Mortland (1968) who found that H(acac) is readily displaced by water in clay interlayers. Thus, the hydrolysis reaction may be written as shown in Eq. (4):
The extent of Si(acac)3 + hydrolysis in oriented film samples of homoionic Si(acac)3+-montmorillonite and mixed-ion Na+/Si(acac)3 +-and Mg2+/Si(acac)+-montmorillonite was dependent on the square root of time. Plots of the absorbance for the 1390-cm -1 band of Si(acac)3 + vs. t ' /2 gave straight lines with the regression coefficients and relative slopes given in Table 2 . The t 1/ 2 dependence suggests that the hydrolysis rate was limited by the Fickian diffusion of water into the in- terlamellar region. Fickian diffusion has been observed for adsorption in many types of porous solids, including glassy polymers (Berens, 1978) and zeolites (Barrer, 1978) .
The hydrolysis of Si(acac)3 + was approximately two orders of magnitude slower in the intercalated state than in homogeneous aqueous solution. Under intercalated conditions, the restricted interlayer environment apparently limited migration of water to the Si(acac)3 + sites, and the reaction became diffusion controlled. Although the d(001) spacings were initially the same (~ 17/~) for the Na+/Si(acac)3 +-, Mgz+/Si(acac)3+-, and Si(acac)3+-montmorillonites, the hydrolysis was significantly slower for the Mgz+/Si(acac)3 + system, as judged from the relative slopes in Table 2 . The slower reaction in this latter system may reflect a more constrained or better ordered interlayer environment relative to the mixed Na+/Si(acac)S and homoionic Si(acac)3 + systems. Regardless of the differences in hydrolysis rates, all three exchange-cation systems exhibited the same d(001) spacings upon complete hydrolysis (~ 15.5 /k), suggesting that comparable amounts of hydrated silicic acid were incorporated into the interlayer regions.
CONCLUSIONS
The results of the present study suggest that Co 2+-smectites are preferred over Na +-and Mg2+-smectites as a means of obtaining homoionic Si(acac)3+-exchange forms of the minerals when acetone is the solvating medium. The use of Co 2+ on the exchange sites and of acetone as solvent minimizes the tendency toward interlayer Si(acac)3+/C1 -ion pairing by facilitating the formation of CoCl2-acetone complexes which readily desorb from the clay interlayers and help to drive the ion-exchange reaction. The exchange reactions of Co 2+ smectites in acetone may be useful as a means of intercalating halide salts of other hydrolytically sensitive cations which tend to form ion pairs in clay interlayers under non-aqueous solvation conditions. The intercalated Si(acac)3 + in homoionic Si(acac)3 +-montmorillonite and in mixed-ion Na+/Si(acac)3 +-and Mg2+/Si(acac)3+-montmorillonite may be converted to interlayer silicic acid upon hydrolysis in water. The hydrolysis reaction is diffusion controlled, even when Na + and Mg :+ co-occupy the interlayers. When water is the solvating medium, Si(acac)3 + readily displaces Na + ions from the dispersed forms of the clay. Thus, interlayer binding and subsequent hydrolysis of the cation to silicic acid can be achieved with little or no competing solution hydrolysis of the cation. The divalent exchange forms of the minerals, however, bind aqueous Si(acac)~ + slowly and, consequently, hydrolysis of Si(acac)3 § in solution competes strongly with the interlayer binding of the complex cation.
Though the above conclusions are based on results obtained under conditions of concentration and temperature which permitted the necessary spectroscopic and analytical measurements of the binding and hydrolysis reactions of Si(acac)3 § they help to define the optimum circumstances for synthesizing clays interlayered with silicic acid.
